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ABSTRACT

Title of Thesis: “Pharmacological Treatment of Glutamate Excitotoxicity Following
Traumatic Brain Injury”

Michael Doh, Master of Science, 2009
Thesis directed by: Joseph McCabe, PhD
Thesis Advisor
Department of Anatomy, Physiology and Genetics
Traumatic Brain Injury (TBI) is a major public health concern. A TBI is
defined as a blow to the head that results in the disruption of normal brain function.
Patients who suffer a TBI exhibit a wide variety of cognitive, somatic and
psychological symptoms that can severely diminish the individual’s quality of life.
Despite continued research, no therapy has proven effective for the treatment of TBI.
The pathophysiology of the injured brain is complex. Cell death following
TBI can result from primary injuries, caused by mechanical forces associated with the
insult, and secondary injuries, caused by the disruption of normal cellular function in
the injured brain. Secondary injuries include brain swelling, hypoxia, oxidative stress,
and glutamate excitotoxicity.
The following will serve to discuss the basic phenomenology of TBI, focus on
the role of glutamatergic neurotransmission and its role in TBI pathology, and analyze

current pharmacological treatment strategies.
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Traumatic Brain Injury: Incidence and Causes

Traumatic brain injury affects millions of people worldwide. In 2003, an
estimated 1.5 million patients suffered a TBI in the United States alone (Rutland-
Brown 06). Nearly eighty percent of these patients visited the emergency department,
with 300,000 requiring hospitalization. Approximately 50,000 people die each year
in the U.S. as a result of TBI, while 80,000 will suffer a chronic neurological
disability following injury (Rao 00). The economic cost of TBI in the U.S. is in
excess of $35 billion dollars annually, including costs for medical care and lost
productivity due to death and disability (Thurman 99).

The incidence of TBI varies with a number of factors, including age, gender
and socio-economic status. Children under the age of four and adults over seventy-
five are most at risk for TBI (Rutland-Brown 06). Compared to females, males are
two times as likely to suffer a TBI and four times as likely to die as a result of their
injury. The incidence of TBI is also significantly higher in economically-
disadvantaged populations (Kraus 93).

The leading causes of TBI include motor vehicle accidents, falls, sport-related
injuries, and assaults (Langlois 04). Motor vehicle accidents represent twenty percent
of TBI cases and over thirty percent of TBI-related fatalities. Adolescents between
the ages of 15 and 19 are most at risk for sustaining a TBI in a traffic incident.
Injuries resulting from falls comprise nearly thirty percent of TBI cases but only ten
percent of TBI fatalities (Thurman 99). The majority of TBIs in persons over 75 are
caused by falls. Firearms are the most common cause of TBI fatalities (39%), as only

nine percent of cases will survive (Rutland-Brown 06). In infants, child abuse is the



leading cause of TBI (64%). Combat-related TBI is becoming more prevalent due to
recent military action in Iraq and Afghanistan (Warden 06). An increasing number of
soldiers have been stricken with TBI related symptoms after surviving blast-related
injuries.

Traumatic brain injury affects all types of populations, and depending on the
severity of the injury, individuals can experience long-term, permanent neurological
disabilities. Because there is no effective therapy for the treatment of TBI, patients
will suffer a lifetime of physical, psychological and economic difficulties. Therefore,
continued research is essential for developing new pharmacological strategies to

improve the quality of life for TBI patients.

Traumatic Brain Injury: Signs and Symptoms

Individuals suffering a TBI can exhibit a wide variety of symptoms and
complications as a result of their injuries. These symptoms can be classified as
somatic, psychological or cognitive. Somatic symptoms are those that are related to
physical characteristics, including pain, sensation, and movement. The most common
symptom of head trauma is headaches, reported in 30-90% of patients (Solomon 01).
The occurrence of headaches can persist for an extended duration of time, as 8-32%
of patients complained of increased headaches one year after injury (Weight 98). The
second most common complaint of TBI patients is dizziness, which occurs in 50% of
cases, and 19-25% of individuals still experience dizziness after one year (Brown 94),

The incidence is higher in older patients.



TBI also can affect sensory perception. Blurred vision affects 15% of patients
(Hall 05), while ten percent experience increased sensitivity to light and sound.
Additionally, five percent of cases involved decreased smell and taste.

TBI can also have adverse effects on movement, causing a decrease in
coordination with increased feelings of fatigue and lethargy. In cases of more severe
injury, patients can suffer from post-traumatic seizures (Agrawal 06). TBI has also
been identified as a risk factor for the development of Parkinson’s disease (PD)
(Bower 03). PD is a chronic and progressive movement disorder characterized by
tremors, stiffness, slowed movement (bradykinesia), and stooped posture.

TBI can also cause a wide variety of psychological symptoms, including
changes in mood or personality, anxiety or depression. Nearly 50% of individuals
report some type of psychiatric difficulty within three months (Rao 02), with 25%
classified as clinically depressed, and a small number (0.7-9.8%) suffering from
schizophrenia-like psychosis. TBI patients are also a higher risk for developing
psychological problem many years post-injury.

Cognitive symptoms of brain injury include problems with memory/learning,
attention/concentration, and language/communication. Memory impairment is seen
in 20-79% of head-injured patients, with either the loss of memories (retrograde
amnesia) or the inability to form memories (anterograde amnesia) (Hall 05). Memory
deficits persist after one year in 4-25% of cases. In addition, studies have shown that
a TBI may contribute to the development of Alzheimer disease (Szczygielski 05), a

neurodegenerative disorder characterized by dementia and memory loss.



Traumatic Brain Injury: Classification

A traumatic brain injury can be classified as mild, moderate and severe. The
Glasgow Coma Score (GCS) is a standard measure of identifying the severity of the
injury. Eye, vocal and motor responses are tested and the patient is scored from three
(most severe) to fifteen (least severe) (Teasdale 74). Other measures of severity
include duration of post-traumatic amnesia (PTA), and loss of consciousness (LOC).
Mild head injuries are defined as those with a GCS of 13-15, with PTA of less than 1h,
and LOC of less than 30min. Moderate injuries have a GCS of 9-12, with PTA of
30min-24h, and LOC of 1-24h. The most severe brain injuries have a GCS of 3-8,
with amnesia and loss of consciousness lasting for longer than 24 hours (Rao 00).

TBI can also be classified based on the nature of the injury. Open-head, or
penetrating injuries occur when an object pierces the skull (Blissitt 06). Gunshots and
knife wounds are examples of open-head injuries, and are usually considered the most
severe. These types of injuries can result in skull fractures and cerebral lacerations
which cause damaged blood vessels, disruption of the blood-brain barrier and
meninges, brain tissue displacement, the rupturing of cellular membranes, and
neuronal cell death (Roth 00). Penetrating injuries are considered focal injuries,
where the injury is localized to one region of the brain.

Closed-head, or blunt injuries occur when the skull is not penetrated. These
are generally considered more mild forms of TBI, and are caused by motor vehicle
accidents and falls. Closed-head injuries can result in cerebral contusion and diffuse
axonal injury (Khoshyomn 04). Cerebral contusions are bruises on the surface of the

brain caused by the brain moving within the skull. Contusions occur in 20-30% of



injuries and are caused by a blow to the head or acceleration/deceleration forces.
Cerebral contusions can lead to swelling of the brain and an increase in intracranial
pressure (ICP). Diffuse axonal injury (DAI) is the disruption of axons caused by
shearing forces as tissues and cells slide against one another (Roth 00). DAI is an
example of diffuse head injury that occurs over a widespread area and is typical of

acceleration-deceleration injuries.

Traumatic Brain Injury: Pathophysiology

Brain damage caused by TBI can be characterized as primary injury, directly
resulting from the mechanical forces from the insult, and secondary injury, cell death
resulting from the disruption of normal brain function. Skull fractures, cerebral
lacerations, contusions and diffuse axonal injury are considered primary injuries.
Primary injuries cause physical damage to cell membranes and brain structures,
resulting in non-specific cell death. Another type of primary injury is hemorrhaging,
which can be classified as intracerebral, subdural, subarachnoid or epidural,
depending on the site of the bleeding (Roth 00). Cerebral bleeding can be caused by
open- and closed-head injuries and is associated with both focal and diffuse injury.
This bleeding causes disruption in the delivery of blood to brain tissues and cells.
Cerebral contusions and bleeding can also lead to an increase in intracranial pressure
(ICP), which can result in brain herniation, or the squeezing of brain tissue within the
skull. Because the primary injury occurs immediately at the point of impact, it is not
preventable by therapeutic intervention and for the most part, the injuries are

irreversible. However, the characterization of the consequences of primary injury



contributes to the understanding of the processes that lead to subsequent secondary
cell death.

The major consequences of primary injuries include the alteration of cerebral
blood flow, affecting oxygen availability, the disturbance of the blood brain barrier
and the cell membrane disruption (Werner 99). These lead to secondary injuries in
the hours to days following the initial insult. Secondary injuries result from the
disruption of normal brain function and greatly contribute to the brain damage
associated with TBI. A significant percentage of TBI fatalities occur in the days to
weeks post-injury, and the health of 40% of injured individuals deteriorates after
hospitalization (Narayan 02).

Alterations in cerebral blood flow (CBF) is an example of secondary injury.
Under normal conditions CBF is tightly regulated based on metabolic demand. TBI
can result in hyperperfusion, or an increase in CBF (Kelly 97), causing a dangerous
increase in ICP. Hypoperfusion, or a decrease in CBF leads to inadequate blood
supply causing ischemia. Hypoxia, or a decrease in oxygen supply, decreases the
ability of neurons to produce ATP via normal metabolism. This results in the
inability to maintain membrane potential by ATP pumps, mitochondrial dysfunction,
and the promotion of apoptosis, leading to cell death. Coles, et al. (2004) used O,
positron emission CT to assess CBF following TBI. They found that decreased CBF
indicated the presence of ischemia and correlated with poor outcome.

Brain swelling, or edema, is another form of secondary brain injury.
Vasogenic edema is caused by the disruption of the endothelial layer of blood vessels

resulting in the unregulated transfer of ions and proteins across the blood brain barrier



(Unterberg 04). Cytotoxic edema is caused by the increased ion permeability of cell
membranes under hypoxic conditions (Stiefel 05). Both types of edema contribute to
increased ICP.

Inflammation also contributes to cell death following TBI. TBI activates the
release of proinflammatory cytokines, prostagladins, free radicals and complement
(Lucas 06) which mobilize immune and glial cells. Damaged cells and adjacent tissue
are eliminated by the actions of proinflammatory enzymes, cytokines and neurotoxic
mediators. Inflammation promotes the release of potentially toxic factors into the
extracellular space and the clearance of damaged but still viable cells.

Oxidative stress can also have pathological consequences following brain
injury. Reactive oxygen species (oxygen radicals, superoxides, hydrogen peroxide,
nitric oxide) are formed by metabolism and are involved in normal cell functions
(Werner 99). An increase in ROS following TBI leads to protein and lipid oxidation,
damage to DNA, and mitochondrial dysfunction.

Glutamate excitotoxicity, another form of secondary injury, is defined as cell
damage resulting from the overactivation of glutamate receptors. It is caused by an
excess of glutamate in the extracellular space (Yi 06). The pathological increase in
glutamate results from both decreases in ATP production and disruption of the blood-
brain barrier and cellular membranes. The consequences of excitotoxicity include cell
death by apoptosis, mitochondrial dysfunction, increased oxidative stress and
inflammation, and edema. Because excitotoxicity is related to other facets of

secondary injury, it is an attractive target for therapeutic intervention.



Glutamate Excitotoxicity Following Traumatic Brain Injury

The amino acid glutamate functions as a neurotransmitter in the mammalian
central nervous system. Glutamate, and to a lesser extent aspartate, directs most of
the excitatory synaptic transmission in the CNS (Doble 99). Excitatory
neurotransmission results in the depolarization of the postsynaptic, or target, cell
promoting the propagation of action potentials. On the other hand, inhibitory
neurotransmission mediated by GABA, causes the hyperpolarization of the
postsynaptic cell membrane, dampening the generation of action potentials.

Glutamate is used as a neurotransmitter throughout the cortex, hippocampus,
cerebellum and other brain regions (Cotman 87), accounting for one third of rapid
excitatory synapses in the CNS. Among its many roles in the brain, glutamate
signaling has been implicated in synaptic plasticity. Synaptic plasticity is defined as
activity dependent modification of synaptic efficiency (Albensi 03). Bliss, et al.
(1973) found that stimulation of the perforant path in rabbits led to an increase in
synaptic efficiency of the stimulated cells. This phenomenon is known as long-term
potentiation (LTP). Long-term depression (LTD) relates to the decrease in synaptic
efficiency following either weak or strong activation. LTP and LDP are believed to
be the basis for learning and memory (Izquierdo 97).

Glutamate signaling is involved in a wide variety of somatic, psychological
and cognitive processes. Alterations in glutamate function have been associated with
many of the symptoms of TBI including headaches, depression, problems with

learning and memory, and the increased risk for the development of neurological



disorders. Therefore, glutamate signaling is an attractive target for developing

therapeutic strategies for the treatment of brain injury.

Glutamate Synapse

Glutamate is stored in synaptic vesicles along the presynaptic membrane at a
concentration of 20mM. The resting potential of an axonal membrane is maintained
at -70mV by the transport of sodium and potassium ions through pumps in an ATP-
dependent manner. As an action potential travels along the axon, the membrane
potential is briefly depolarized to 40mV (Doble 99). When the action potential
reaches the synapse, glutamate is released from the vesicles into the synaptic cleft.
The concentration of glutamate in the synaptic cleft rises transiently to 1-2mM, where
it binds to and activates receptors on the postsynaptic membrane. This leads to a
number of changes in the postsynaptic cell including alterations in ion permeability,
enzyme activity and gene expression.

Glutamate receptors are classified as ionotropic receptors and metabotropic
receptors. An ionotropic glutamate receptor is comprised of an intrinsic
transmembrane ion channel which opens and closes upon the binding of glutamate.
There are three functional classes of ionotropic glutamate receptors (Foster 84),
named for their selective agonists: N-methyl-D-aspartate (NMDA), a.-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), and kainate (KA). lonotropic
glutamate receptors are multimeric assemblies of individual subunits. This allows for

a wide variety of possible receptors. Splice variants and RNA editing of the
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individual subunits also contributes to the vast heterogeneity of ionotropic receptor
composition and functionality (Zukin 95).

Metabotropic glutamate receptors are linked to enzymes by G proteins and are
classified according to selective agonists and signal transduction pathways (Toms 96).
3,5-dihydroxyphenylglycine selectively activate Group | metabotropic receptors,
which activate phospholipase C (PI-PLC) and promote the release of Ca?* ions from
cytoplasmic stores. Group Il receptors are selectively activated by 2R,4R-4-
aminopyrrolidine-2-4-dicarboxylate (APDC) and inhibits the action of adenylyl
cyclase. Group Il receptors also inhibit adenylyl cyclase and are selectively
activated by L-amino-4-phosphonobutyrate (L-AP-4).

Following the release of glutamate from the presynaptic neuron and the
activation of receptors on the postsynaptic membrane, the signal is terminated by the
removal of glutamate from the synaptic cleft via the action of Na*-dependent
glutamate transporters. Five subtypes of glutamate transporters have been cloned to
date, excitatory amino acid transporters 1-5 (EAAT1-5) (Danbolt 01). EAATL, also
known as the glutamate-aspartate transporter (GLAST), is predominantly expressed in
glial cells in the cerebellum and is responsible for the uptake of glutamate from the
extrasynaptic space (Rothstein 94). EAAT2, or glutamate trasporter-1 (GLT-1) is
expressed in glial cells throughout the brain (Danbolt 92) and is involved in the
transport of glutamate from the synaptic cleft. EAAT3-5 are mostly expressed in
neuronal cells (Dehnes 98, Arriza 97).

The amino acid glutamate does not cross the blood-brain barrier; its synthesis

and metabolism occur in distinct brain compartments, neurons and glial cells (Shen
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08). After glutamate is transported into glial cells from the synaptic cleft, it is
converted into glutamine by the enzyme glutamine synthetase. The glutamine is then
transported back into the neuron where it is deaminated by phosphate-activated
glutaminase (PAG), once again forming glutamate. Glutamate can also be
synthesized as a product of aerobic metabolism and the Krebs cycle.

Glutamate signaling and metabolism is a highly complicated process that is
dependent on proper energy metabolism, maintenance of membrane potential, and
compartmentalization of metabolic enzymes. The disruption of these biological

processes under pathological conditions can have numerous deleterious consequences.

Glutamate Excitotoxicity

In 1957, Lucas and Newhouse first described the neurotoxic potential of the
amino acid glutamate. They found that a single intraperitoneal injection of free
glutamic acid generated severe retinal lesions in immature and, to a lesser extent,
adult mice. Further studies described similar glutamate-induced retinal lesions in the
rat and rabbit. In 1969, Olney found that subcutaneous injection of monosodium
glutamate resulted in necrotic brain lesions in the hypothalamus of newborn mice,
leading to a number of developmental abnormalities. These reports led to the
introduction of the term “excitotoxicity,” describing cell damage induced by an
excess of excitatory amino acids.

Since then, numerous studies have investigated the potential toxic effects of
glutamate in the context of neurological disorders. Several studies have examined the

levels of extracellular glutamate in experimental models of TBI. Using microdialysis,
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Faden et al (1989) analyzed the concentrations of excitatory amino acids in the rat
brain using the fluid percussion injury model of TBI. They found that extracellular
glutamate was significantly increased at the site of injury; 282% in moderately injured
animals and 940% in severely injured animals. The elevations in glutamate sharply
peaked at 10 minutes post-injury, and persisted for more than one hour in the severe
injury. The administration of dextrorphan (10mg/kg, i.v., 30 min post-injury), a
noncompetitive NMDA antagonist, improved neurological outcome, suggesting that
glutamate is involved in TBI induced brain damage.

Glutamate levels have also been studied in human TBI patients. Baker, et al.
(1993) measured glutamate in the cerebrospinal fluid of twelve head injured patients.
They determined that the peak glutamate concentrations were significantly higher
(14-474mM) in the injured patients when compared to control (4.9-17mM).
Numerous other studies have confirmed that glutamate levels are increased in the
human brain following injury (Ruppel 01, Tolias 02, Bullock 89). The elevated levels
of glutamate strongly correlate with focal contusions, sustained high ICP and poor
outcome. The increase in glutamate seems to peak between 12 and 72 hours
following injury, and remains slightly but persistently elevated for as long as eight
days.

The temporal changes in glutamate concentration following injury are an
important consideration when devising a treatment strategy. The acute increase in
glutamate may occur within too narrow a time frame for therapeutic treatment
(Tkonomidou 02). Additionally, because glutamate serves many biological roles, its

sustained elevation may be involved in the body’s response to the injury. Finally, cell
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death following injury can result from “slow excitotoxicity” (Albin 92), in which cells
are rendered vulnerable to physiologic concentrations of glutamate due to
pathological conditions.

Due to the evidence that glutamate is involved in TBI-induced brain damage,
there has been much research into the possible sources of excess glutamate in TBI, as

well as the consequences of excitotoxicity.

Sources of Excitotoxicity in TBI

Multiple sources of extracellular glutamate increase following TBI have been
proposed. The primary injuries associated with TBI can lead to a disruption of the
blood-brain barrier. Koizumi, et al. (1997) examined the diffusion of blood glutamate
in a weight-drop model of TBI in the rat. Immediately following injury, they injected
YC-labeled glutamate into the femoral vein. Autoradiography revealed a significant
extravasation of labeled glutamate from the vascular component into the cortex at the
site of impact, indicating that extracellular glutamate is increased by the disruption of
the BBB. Studies have also shown that glutamate is released non-specifically from
damaged membranes. Bullock, et al. (1989) demonstrated that the increase in
glutamate following TBI was correlated with an increase in structural amino acids.
This suggested that glutamate can be released from injury-induced membrane
micropores along with other amino acids, rather than from presynaptic vesicles.

Other studies have shown that increased release from presynaptic neurons can
also contribute to excitotoxicity. Yi, et al. (2006) found that there is an increased

expression of the protein complexin Il following injury. This protein is involved in
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the proper maintenance of neurotransmitter release, and its increased expression may
represent a disruption of normal synaptic function.

Another potential source of excitotoxicity is glutamate transport. Under
normal conditions, glutamate is removed from the synapse by the action of the
astrocytic transporter GLT-1. Rao, et al. (1998) showed that GLT-1 expression was
significantly reduced (38-47%) in the rat brain 24 hours after fluid percussion injury.
The resulting decrease in transport leads to an excess of glutamate in the synaptic
cleft. Additionally, it has been proposed that the action of glutamate transporters is
reversed at the injury site where the damage is most severe (Phillis 00). This would
cause a spilling of glutamate from astrocytes into the extracellular space.

Another major contributor to excitotoxicity is energy deprivation. Under
ischemic conditions, a decrease in oxygen availability leads to a decrease in ATP
production. ATP is required to maintain neuronal membrane potential, and a decrease
in energy results in the depolarization of the membrane. This leads to the improper
generation and propagation of action potentials, causing a “spreading depression”
(von Baumgarten 08) or a wave of cortical depolarization which can affect cells far

from the site of injury.

Consequences of Excitotoxicity

In addition to the research on the sources of excitotoxicity in TBI, there have
been numerous studies on the molecular consequences of excess glutamate, and the
mechanisms of glutamate mediated neurodegeneration. Studies have shown that

excitotoxicity is mediated mainly by alterations in the concentrations of Na* and Ca**
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following overactivation of ionotropic glutamate receptors. Rothman (1985)
demonstrated that glutamate exposure of cultured hippocampal neurons resulted in
irreversible toxic swelling that was dependent on Na* influx and independent of Ca**.
The removal of Na* prevented neuronal swelling but did not prevent delayed neuronal
cell death. This long-term neuronal degeneration was attenuated only by the removal
of Ca?* from the extracellular media. Thus, he concluded that excitotoxicity is
comprised of an acute Na*-dependent toxicity, followed by a delayed Ca**-dependent
toxicity.

Excessive Ca’* can have many deleterious consequences. The release of
glutamate from neurotransmitter vesicles is triggered by the influx of Ca?* into the
presynaptic neuron upon the generation of an action potential. Therefore, Ca**
overloading results in the improper generation and propagation of excitatory signals.
Pathological increases in Ca®* can also damage mitochondria which maintain calcium
homeostasis under normal conditions (Atlante 99). Excess Ca®* leads to a release of
cytochrome ¢ from the mitochondria which activates caspase-9 and leads to cell death
by apoptosis. Mitochondrial damage can also result in reduced ATP production and
the toxic release of ROS.

Elevated concentrations of Ca®* can also activate the cystein protease calpain,
which is involved in the proteolysis of the cytoskeletal protein alpha spectrin after
TBI (Pike 1998). Yakovlev, et al. (2001) found that following a controlled cortical
impact injury in the mouse, Ca®* dependent endonuclease activation resulted in DNA
fragmentation. Additionally, excitotoxic Ca** overload results in activation of

phospholipase A2 and nitric oxide synthase, increasing oxidative stress.
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Although excitotoxicity is thought to be mediated predominantly by ionotropic
glutamate receptors, activation of the metabotropic glutamate receptors is believed to
be involved in modulating excitotoxicity. In vitro studies showed that activation of
group | receptors exacerbated cell death induced by mechanical injury (Muhkin 96),
whereas group Il receptor agonists proved neuroprotective in an animal model
(Zwienenber 01). Therefore, both ionotropic and metabotropic glutamate receptors

represent possible therapeutic targets for the treatment of TBI.

Correlation of Excitotoxicity with Symptoms of TBI

Brain damage following TBI is multifaceted. Many different factors can
contribute to the neuronal death and dysfunction following injury. However,
numerous reports suggest that glutamate excitotoxicity is a major contributing factor
to the symptoms associated with TBI.

Patients who suffer a TBI are at risk for developing post traumatic epilepsy
(PTE). Penetrating injuries are associated with a 50% increased risk for PTE, while
closed head-injuries are associated with a 30% increased risk (Agrawal 06). Various
factors are involved in the pathogenesis of PTE. Disruption of the blood brain barrier
leads to the extravasation of blood into the extracellular space in the brain. This
leads to an increase in iron concentration and the hyperproduction of hydroxyl
radicals by an iron-catalyzed reaction (Willmore 78) which contributes to the
development of seizures. Overactivation of NMDA receptors not only increases
oxidative stress but is also associated with the formation of a chronic epileptogenic

focus in iron-induced seizures (Janjua 90). Although excitotoxicity is not the only
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contributing factor to the development of post-traumatic epilepsy, its reduction could
potentially have a beneficial effect in treating seizures following injury.

The most common symptom of TBI is headaches. Studies have shown that
migraine headaches may, in part, be caused by glutamate excitotoxicity. In fact,
NMDA receptor antagonists have been proposed as a treatment for migraines (Peeters
07). In the context of TBI, excitotoxicity can contribute to and result from spreading
depression (Rogatsky 03). Studies have also shown that cortical depolarization
caused by spreading depression activates the trigeminal nociceptive pathway,
initiating the headache (Bolay 02). Therefore, reducing excitotoxicity following TBI
may have a therapeutic effect on post-traumatic migraines.

Excitotoxicity has also been implicated in the pathology of depression.
Although previous studies have implicated serotonin, norepinephrine and dopamine
as mediators of depression, recent evidence suggests that glutamatergic dysfunction
may also be involved (Chourbaji 08). Sanacora, et al. (2000) found that the levels of
glutamate in the brain was significantly higher in depressed patients as opposed to
control. Interestingly, a clinical trial found that riluzole, a glutamate-reducing drug,
significantly improve outcome when administered to patients diagnose with major
depressive disorder (Zarate 04). Again, glutamatergic dysfunction is not solely
responsible for the psychological symptoms associated with TBI, but targeting
excitotoxicity may have a beneficial effect.

Finally, excitotoxicity has been associated with problems with memory and
learning. TBI is a risk factor for the development of Alzheimer disease (AD). Lesne,

et al. (2005) demonstrated that NMDA receptor activation promotes the production of



the toxic peptide beta-amyloid Ap, which accumulates in the brain of AD patients.
Smith, et al. (2003) found that amyloid immunoreactivity was significantly increased
in swollen axons in 9 of 12 patients who had died following a head injury. Olsson, et
al. (2004) measured the concentration of AB(1-42) in the ventricular CSF of 41 severe
head injured patients using ELISA. They found that the concentration of AB(1-42) in
the VCSF was significantly increased (573%) 1 day after injury, peaked (1173%) at
5-6 days, and remained elevated (855%) 7-10 days post injury. In vitro studies have
shown that Ap alters the expression of many proteins at the glutamate synapse:
NMDA receptors (Goto 06), AMPA receptors (Almeida 05), and PSD-95, a
scaffolding protein (Roselli 05). In animal models of brain injury, the expression of
these proteins is decreased (Colbourne 03, Osteen 04, Gascon 08). Therefore,
overactivation of NMDA receptors following TBI increases amyloid deposition
which in turn alters the expression of glutamatergic proteins, effecting synaptic
efficiency. This may interfere with synaptic plasticity and may contribute to the
memory and learning deficits associated with TBI.

Because of the many deleterious consequences of excitotoxicity following TBI,
there has been much research into developing therapeutic strategies to combat

glutamate mediated cell damage.

Pharmacological Strategies for the Treatment of Excitotoxicity in TBI

There is a wealth of evidence implicating glutamate excitotoxicity as a major

contributing factor to brain damage. Based on these findings, a number of
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pharmacological strategies have been proposed. These treatment strategies target
various facets of TBI-induced excitotoxicity including glutamate release, blood
glutamate, receptor activation, transport, disruption of ion homeostasis, and

downstream effectors.

Glutamate release

The prevention of glutamate release has been proposed as a potential
therapeutic strategy for TBI. In vitro studies have demonstrated that cannabinoids
inhibit glutamate release in rat hippocampal neurons (Shen 96). The endocannabinoid
2-arachidonoyl glycerol was found to be neuroprotective in a mouse model of closed
head injury (Panikashvili 06), though its effect may be mediated in part by the
inhibition of inflammatory cytokines. Despite the evidence that cannabinoid
treatment could be therapeutic, clinical trials with Dexanabinol (HU-211) have
proven ineffective for improving outcome following TBI (Maas 06). In a placebo-
controlled phase 111 clinical trial, 846 patients were given an injection of dexanabinol
(150mg iv) or placebo within 6 hours of injury. Glasgow outcome score was assessed
6 months following injury. They found no significant improvement in outcome
between the drug treated and control groups

The sodium channel blocker, Riluzole, is another glutamate release inhibitor
that has proven neuroprotective in animal models of TBI (Wahl 97, Zhang 98). Wahl
showed that Riluzole treatment improved lesion size and sensorimotor functions of
rats subjected to FPI. It is currently being evaluated in a phase 11 clinical trial for

TBI in Europe (Marklund 06)
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Glutamate Receptor Antagonists

The use of glutamate receptor antagonists to combat glutamate excitotoxicity
has been extensively described. Because excitotoxicity is largely mediated by the
overactivation of NMDA receptors, the selective blockage of these receptors is
proposed to be neuroprotective. In fact, clinical trials using NMDA receptor
antagonists have shown some effectiveness in treating neurological disorders
involving excitotoxicity including Alzheimer disease (Reisberg 03), Huntington’s
disease (Lucetti 03) and epilepsy (Richens 00).

There have been several studies that have examined the potential
neuroprotective effect of glutamate receptor antagonists in animal models of TBI.
Kroppenstedt, et al. (1998) injected rats with the NMDA receptor antagonist aptiganel,
or Cerestat, (2mg/kg b.w.) fifteen minutes after injury in a controlled cortical impact
model. They found that the drug significantly reduced lesion volume (13.6%) and
hemispheric swelling (31.5%) associated with TBI. In a subsequent study, Rao, et al.
(2001) found that treatment with the non-competitive NMDA blocker, memantine,
almost completely prevented TBI-induced neuronal cell loss in the CA2 and CA3
regions of the hippocampus. Similar neuroprotective effects have been described for
other NMDA channel blockers, dextromethorphan, dextrorphan, ketamine and MK-
801 (Mclintosh 98).

In 1998, Morris, et al. conducted a phase I11 clinical trial of Selfotel (CGS
19755) for treatment of severe head injury. A total of 693 patients with GCS of 4-8

were enrolled in two multicenter double blind studies. Patients were injected with
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either a placebo or Selfotel (5mg/kg i.v) once a day for four days and the primary
outcome of improved GCS was assessed at six months. The trial was stopped
prematurely due to the number of adverse events. An analysis of the results showed
no significant improvement in GCS in Selfotel-treated patients as compared to the
placebo.

In a subsequent study, Yurkewicz, et al. (2005) studied the effect the NMDA
receptor antagonist, traxoprodil, following TBI. A total of 404 patients were given a
72h infusion of the NMDA receptor antagonist traxoprodil (0.75mg/kg/h) within 8
hours of the injury. Although the drug was well tolerated, there was no significant
improvement in GCS assessed at 1, 3, and 6 months post injury.

Although glutamate receptor antagonists have proven neuroprotective in
animal models of excitotoxicity, clinical trials have been largely unsuccessful. Several
factors may contribute to the poor response of these drugs (Ikonomidou 02). The use
of receptor antagonists will block the activation of cells distal to the site of injury,
interfering with physiological functions of uninjured cells. Activation of glutamate
receptors not only promotes excitotoxicity, but is also involved in normal cell
signaling. Therefore, blocking glutamate receptors following an injury may inhibit
the body’s response to injury. Because of the ineffectiveness of glutamate receptor

antagonists, other therapeutic strategies have been considered.

lon homeostasis
As previously stated, Ca®* overloading caused by NMDA receptor

overactivation mediates many of the toxic effects of glutamate. The N-type calcium
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channel blocker, Ziconotide, is effective in animal models (Berman 00) but has not
been used in clinical trials due to hypotensive side effects.

The L-type voltage-sensitive calcium channel blocker, nimodipine, has proven
to be neuroprotective in experimental models (Geddes-Klein 06), and several clinical
trials have tested the efficacy of nimodipine treatment in severely head-injured
patients (Bailey 91, Teasdale 92, Kakarieka 94, Murray 96). In the first two trials,
Head Injury Trial (HIT) I and I, nimodipine treatment showed no significant
improvement in outcome in patient pools of 351 and 852. In a third trial with 123
patients, nimodipine significantly improved outcome following TBI with
subarachnoid bleeding. However, a final worldwide multicenter trial with 591
participants failed to confirm a significant therapeutic effect of nimodipine following

TBI.

Blood glutamate scavenging

Recent evidence suggests that glutamate is released into the brain from the
vascular component following disruption of the blood brain barrier. Thus,
compounds that can remove or “scavenge” glutamate from the blood could potentially
reduce excitotoxicity in the brain. Oxaloacetate (OxAc) is an intermediate of the
citric acid cycle and gluconeogenesis. OxAc and glutamate are reversibly converted
to aspartate and a-ketoglutarate by the action of aspartate transaminase. An increase
in the substrate OxAc decreases blood glutamate and creates a gradient which can
lead to an efflux of glutamate from the brain into the blood, effectively reducing

excitotoxicity.
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In 2006, Zlotnik et al examined the neuroprotective potential of oxaloacetate
(OxAc) in a rat model of closed head injury. Using a weight drop model of TBI,
Zlotnik et al found that treatment with OxAc (1mmol/100g b.w., i.v.) significantly
reduced blood glutamate levels (40%) and improved the neurological outcome of test
animals. No neuroprotection was observed when OxAc was administered together
with glutamate, and neurological recovery was enhanced by the coadministration of
the enzyme (0.14nmol/100g b.w.). Subsequent studies (Zlotnik 08) showed that
treatment with pyruvate had similar neuroprotective scavenging effects. Although
these compounds have potential antioxidant and energetic effects, blood glutamate
scavenging is an attractive new therapeutic approach that can combat excitotoxicity
without the adverse side effects of other drug treatments. It may be particularly

effective in alleviating the acute increase in glutamate immediately following injury.

Glutamate Transport

The modulation of glutamate transport has been proposed for the treatment of
excitotoxicity associated with TBI. The glutamate transporter, GLT-1, removes
glutamate from neuronal synapses (Rothstein 96) and its dysfunction has been linked
to a number of neurological disorders, including amyotrophic lateral sclerosis (ALS),
stroke, and epilepsy (Rothstein 95, Rao 01, Sepkuty 02). Thus, an increase in GLT-1
expression could potentially reduce excitotoxicity. In 2005, Rothstein, et al. used a
luciferase reporter assay to screen 1,040 FDA-approved drugs for increased
expression of GLT-1 in rat organotypic slice cultures. They found that p-lactam

antibiotics significantly increased transcription at the human GLT-1 promoter. They
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next examined the neuroprotective effect of ceftriaxone in G93A SOD1 mice, a
model of ALS. Ceftriaxone was chosen because it has been shown to achieve
effective concentrations in the brain. The results of the study showed that daily
treatment with ceftriaxone (200mg/kg i.p. 7d) delayed loss of muscle strength and
body weight, and improved overall survival.

Ceftriaxone has also been shown to combat excitotoxicity in models of
Huntington’s disease and multiple sclerosis (Miller 08, Melzer 08). Subsequent
studies have tested ceftriaxone in other models of excitotoxicity. Chu, et al. (2007)
tested ceftriaxone in a more acute model of injury. They found that rats pretreated
with five daily injections of ceftriaxone (200mg/kg ip) exhibited reduced infarct
volume following ischemic induction by middle cerebral artery occlusion. However,
no protective effect was observed when the drug was administered following injury.

In unpublished reports, we examined the effect of ceftriaxone treatment using
the lateral fluid percussion model of TBI. We found that daily injections of the drug
(200mg/kg b.w.) did not significantly increase the expression of GLT-1 protein or
mRNA. Additionally, we found that ceftriaxone pretreatment did not attenuate
injury-induced reductions in GLT-1 expression. Further study is required to

determine if ceftriaxone can be therapeutic for the treatment of TBI.



Materials and Methods

Drug treatment

Male Sprague-Dawley rats (275-300g bw) were provided with food and water ad
libitum. At the beginning of testing, they were given daily intraperitoneal injections
of ceftriaxone (200mg/kg bw) for 1,3,5,7 days. Ceftriaxone treatment had no effect

on body weight.

Lateral Fluid Percussion brain injury

The lateral fluid percussion injury (FPI) model was used as previously described (Yao
05). The FPI model has been extensively described and is a reliable method of
administering injuries that are consistent with regards to location and severity. To
induce injury, the rats were anesthetized with 0.5-1% isofluorane in 100%0O, and
immobilized in a stereotaxic instrument. A small incision was made at the top of the
head, exposing the skull. A small hole (5mm) was drilled in the skull over the right
cerebral hemisphere, 3mm posterior to Bregma and 2mm lateral to midline, exposing
the dura mater. A tube was secured over the exposed brain and attached to a
cylindrical saline reservoir. A pendulum was dropped onto the reservoir generating a
fluid pulse of 2.5 atm onto the brain. Sham operated animals received the surgical
treatment without the injury. At the appropriate experiment time point (1,3,5,7days
post-injury), the animals are sacrificed by decapitation and tissue is dissected from the
contralateral cortex and hippocampus, and the ispilateral cortex and hippocampus,

and stored in liquid nitrogen for future analysis.
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Western blotting

Western blotting was used to determine protein concentrations. Frozen brain
tissue (30-40mg) was ground with mortal and pestle and sonicated in lysis buffer
containing 1X phosphate-buffered saline, 0.1% Nonidet-P40, 0.1% sodium dodecyl
sulfate, 5 g/L sodium deoxycholic acid, and protease inhibitors (Complete Protease
Inhibitor Cocktail Tablets, Boehringer-Mannheim, Santa Maria, CA, USA). Protein
was separated from tissue debris by centrifugation and total protein concentration was
assessed using a Protein Assay Kit (Bio-Rad, San Diego, CA, USA). Samples 30ug of
total protein were denatured for 5min at 100°C and separated by electrophoresis for
4h at 70V. The samples were then transferred to nitrocellulose membranes and
probed with anti-GLT-1 antibodies (Santa Cruz Biotechnologies Inc, Santa Cruz, CA;
BD Biosciences, San Jose, CA; Abcam, Inc, Cambridge, MA). After washing, the
membranes were blotted with secondary antibodies conjugated to horseradish
peroxidase, and treated with a chemiluminescent substrate (Pierce, Rockford, IL,
USA). The bands were quantified using a Fuji Film LAS-1000 camera and LAS-
1000plus software. The membrane was then stripped and reprobed with antibodies to

[-actin to determine protein loading.

Quantitative real-time PCR
Quantitative real-time PCR was used to determine mRNA concentrations.
Frozen brain tissue (30-40ug) was ground with mortal and pestle and sonicated in a

denaturing buffer. Total RNA was extracted using the Totally RNA Kit (Ambion,



Austin, TX, USA) and treated with Dnase | to remove genomic DNA. cDNA
templates were synthesized by RT-PCR (42°C for 15 min, 99° for 5min, 5°C for
5min).

In quantitative real-time PCR, 5ul of cDNA template (three replicates per
sample) was combined with primers designed for GLT-1 and loaded onto 96-well
plates analyzed using the GeneAmp 7300 Sequence Detection System machine
(Applied Biosystems). Primers for 18S rRNA were used as endogenous controls for

total RNA concentration.

Results
Glutamate transporter-1 expression following TBI.

Male Sprague-Dawley rats (n=6) were administered injuries by FPI or
subjected to sham surgery. At 6h, and 1, 3, 7d the animals were sacrificed and brain
tissue was analyzed for GLT-1 expression. Western blotting showed that (Figure 1),
in the injured cortex, GLT-1 protein expression was significantly decreased 3 days
following injury (36% of control) and remains decreased at seven days post injury
(57%). In the injured hippocampus, GLT-1 protein expression was significantly
increased at 6h (140%), but reduced at 3 days (73%).

GLT-1 mRNA expression was determined using qRT-PCR (Figure 2). In the
cortex, GLT-1 mRNA was increased (133%) at 6h and decreased (67%) at 1d post
injury. In the hippocampus, GLT-1 mRNA expression increased (129%) at 6h and

returned to control levels at 1d. No changes in GLT-1 protein or mRNA expression
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was detected in the uninjured hemisphere. These findings are consistent with

previous reports of GLT-1 expression in animal models of TBI.

Glutamate transporter-1 expression following ceftriaxone treatment

To measure the effect of the drug treatment, the rats (n=6) were given daily
intraperitoneal injections of ceftriaxone (200mg/kg b.w.) for 1, 3, 5 and 7 days.
Twenty four hours after the final injection, the animals were sacrificed and brain
tissue was analyzed for GLT-1 expression. The results show that GLT-1 protein and
MRNA expression remained unchanged in the cortex and hippocampus following 1, 3,
5, or 7 days of ceftriaxone treatment (Figures 3 and 4). Additional studies determined
that ceftriaxone had no effect on GLT-1 expression when administered at a lower

dose (100mg/kg b.w.) for 3 and 5 days.

The effect of ceftriaxone pre-treatment on TBI.

To determine whether drug treatment could attenuate TBI-induced alterations
in GLT-1, animals were given 7 daily injections with ceftriaxone (200mg/kg b.w.)
and then subjected to injury or sham. The data indicate that drug pre-treatment has no
effect on the expression of GLT-1 protein in the cortex or hippocampus following
TBI (Figure 5 and 6). Additional studies determined that ceftriaxone had no effect

when given for 3 and 5 days prior to injury.



Discussion

Because ceftriaxone had no effect on GLT-1 expression, its neuroprotective
potential was not assessed. Other studies have shown that ceftriaxone can be
therapeutic irrespective of its effects on GLT-1 expression (Lipski 07, Mineur 07). -
lactam antibiotics induce heat shock protein expression (Romano 04) and can act as
metal chelators (Ji 05), possibly accounting for their neuroprotection and effect on
GLT-1 expression.

Furthermore, evidence suggests that an increase in GLT-1 expression may not
be a viable treatment strategy in the context of TBI. Phillis, et al. (2000) found that
glutamate transport was reversed in the rat cortex under ischemic conditions.
Therefore, an increase in transporter expression would lead to an increase of
glutamate in the extracellular space, further exacerbating the excitotoxic burden.
Additionally, various splice variants of GLT-1 have been described (Sullivan 04), and
Yi, et al. (2005) have asserted that altered expression of GLT-1v is more important in
the pathological setting of the injured brain. Continued research into the expression
and action of GLT-1 and other transporters is required to develop new drugs and

strategies for the targeting of glutamate transport for the treatment of excitotoxicity.

Conclusion
Despite extensive research and numerous clinical trials, no therapy has proven
beneficial in the treatment of TBI. Although pharmacological strategies targeting

excitotoxicity have proven ineffective, various factors must be taken into account
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when considering these results. Because TBI causes primary injuries that cannot be
prevented, the search for a treatment that can completely restore normal brain
function, or a so-called “magic bullet,” may be impractical. In addition, due to the
nature of brain injuries, there is bound to be a great deal of variability when assessing
outcome. Injuries can differ with regard to severity, site, and type of injury. Thus,
the current standards for assessing neurological outcome may not be adequate. It may
prove useful to determine whether a drug targeting excitotoxic cell death alleviates
one specific symptom of brain injury (headache frequency, depression, or memory
deficiency.)

Because brain damage following TBI is a very complex process, an effective
treatment may require the action of more than one drug. A blood glutamate
scavenging drug may protect against the acute excitotoxicity immediately following
injury, but would be rendered ineffective when the blood-brain barrier is restored.
NMDA receptor antagonists can interrupt the important physiological responses when
given immediately after injury, but could potentially combat “slow excitotoxicity”
and the later consequences of TBI. Additionally, actions of certain drugs could
trigger compensatory processes that lead to the same or worse outcome. Thus, co-
treatment with two or more drugs that target different sources of excitotoxicity, or
different sources of secondary injuries (i.e. excitotoxicity, inflammation and edema),
may prove more effective. Continued research is needed to develop new therapies for

the millions who suffer the consequences of a TBI.
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Figure 1: GLT-1 protein expression following TBI. GLT-1 protein expression in the
cortex (grey) and hippocampus (white) following TBI. (p < 0.001)
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Figure 2: GLT-1 mRNA expression following TBI. GLT-1 mRNA expression in the
cortex (grey) and hippocampus (white) following TBI. (p<0.01)
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Figure 3: GLT-1 protein expression following ceftriaxone treatment. GLT-1 protein
expression in the cortex (grey) and hippocampus (white) following ceftriaxone treatment.
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Figure 4: GLT-1 mRNA expression following ceftriaxone treatment. GLT-1 mRNA
expression in the cortex (grey) and hippocampus (white) following ceftriaxone treatment.
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Figure 5: Effect of ceftriaxone on TBI. GLT-1 protein expression in the cortex
following TBI (grey) and following TBI with ceftriaxone pre-treatment for 7d (black).
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Figure 6: Effect of ceftriaxone on TBI. GLT-1 protein expression in the hippocampus
following TBI (white) and following TBI with ceftriaxone pre-treatment for 7d (black).
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